A series of dynamic centrifuge experiments involving a soil-structure model were performed to investigate the influence of ground motion characteristics on site performance and soil-foundation-structure interaction (SFSI) on mediumdense sand. When investigating kinematic SFSI, the translational component of the foundation motion was observed to de-amplify compared to the free-field in terms of most intensity parameters primarily during intense shaking and at higher frequencies. The building's fundamental rocking frequency was strongly influenced by the predominant frequency of the base motion. When investigating inertial SFSI, increasing the shaking intensity was observed to increase the flexible-base natural period of the structure. Spectral accelerations at the foundation level were significantly amplified near the building's flexible-base natural period. Structural settlements were greater than those in the free-field, and their rate followed the rate of the Arias intensity time history of the base motion. More holistic ground motion parameters, such as Arias and Housner Intensities, demonstrated a strong and consistent influence on SFSI and site performance.
INTRODUCTION
The seismic performance of a soil-structure system is affected by the properties of soil, structure, and the earthquake motion. The characteristics of a complex, transient earthquake motion that strongly influence the response of the soil and structure are commonly quantified by simple index parameters (e.g., peak ground acceleration or velocity, specific duration, etc.). These parameters are, in turn, used in the selection of a suite of design ground motions at a given site. Knowledge of the most efficient ground motion parameters for predicting a given response (or demand measure) in soil or structure is critical in a reliable, performancebased seismic hazard analysis. As a result, a comprehensive understanding of the relative influence of various ground motion indices on site performance (shaking and settlement) and seismic soil-foundation-structure interaction (SFSI) is necessary.
Previous studies have shown the important influence of SFSI on the deformation and inertial response of the underlying soil and the demand imposed on the structure (e.g., Stewart et al. 1999a Stewart et al. , 1999b Pecker and Pender 2000; Martin and Lam 2000; Pitilakis et al. 2008; Dashti et al. 2010a; Chen et al. 2010; Kausel 2010) . SFSI is generally described in terms of two distinct mechanisms: (1) kinematic interaction, which is responsible for the difference between the motion far from the structure (i.e., free-field, or FF) and the motion on a stiff foundation (i.e., foundation input motion, or FIM); (2) inertial interaction, which is controlled by the vibration and inertial response of the structural mass and its effects on the foundation motion (Kramer and Stewart 2003) . These two mechanisms are active simultaneously, one often being more dominant depending on the properties of the system.
Base slab averaging is known to be the main source of kinematic SFSI, where the incoherent or inclined waves are averaged along the foundation domain (Kim and Stewart 2003) . Previous investigations have shown that the translational (horizontal) component of foundation motion reduces in amplitude compared to free-field, while the rotational (rocking) component is amplified. These changes are more evident at higher frequencies (Kim and Stewart 2003) . Base slab averaging in reality arises from motion incoherence effects generated by waves originated from different sources with different inclinations. The centrifuge experiment presented in this study, simulating one-dimensional (1-D), vertically propagating, horizontal shear waves, does not fully replicate the complexities and extent of base slab averaging in reality. Further, to properly isolate kinematic interaction without the influence of building inertia on the foundation motion, an ideal experiment would contain an embedded rigid foundation with the same unit weight as the soil, with no oscillator attached. This experiment was not performed here, but is recommended for future study. In addition, the terms "foundation input motion" and "foundation motion" are commonly used in the literature to describe the motion on a hypothetical stiff foundation with no inertia and the actual foundation of the building with inertia, respectively. The term "foundation motion" (FM) in this paper refers to the motion measured on the actual foundation experimentally, which includes the influence of both kinematic and inertial interaction.
The inertial interaction is typically considered in a frequency domain analysis using foundation impedance functions that reflect the flexibility of the foundation and the associated damping (Stewart et al. 1999a (Stewart et al. , 1999b . The influence of variations in different dimensionless parameters such as structure-to-soil stiffness ratio, h∕ðV S TÞ, structure-to-soil mass ratio, m s ∕ðρπr 2 hÞ, building's aspect ratio, h∕r, and excitation to structure frequency ratio, f e ∕f , on inertial SFSI have previously been evaluated empirically, experimentally, and numerically (Velestos and Meek 1974 , Kim and Stewart 2003 , Pitilakis et al. 2008 . In these parameters, h is the effective height of the structure; V S is the shear wave velocity of the soil layer; T and f are the fixed-base first mode natural period and frequency of the structure, respectively; m s is the mass of the structure; ρ is the density of the soil; r is the equivalent radius of the foundation; and f e is the excitation frequency (i.e., the predominant frequency of the earthquake motion). Sensitivity analyses and experimental evidence have shown that the influence of structure-to-soil stiffness ratio is more critical than the other effects (Kim and Stewart 2003) .
The lengthening of the fundamental period of a flexible-base structure, compared to fixed-base due to inertial SFSI, is characterized with the period lengthening ratio (T∕T; Meek 1974, Stewart et al. 1999a ). This ratio has been analytically related to dimensionless parameters, such as the structure-to-soil stiffness ratio, the aspect ratio of the structure, and the Poisson's ratio and damping ratio of the underlying soil Nair 1975, Bielak 1975) . These relations are currently implemented in the ASCE's Minimum Design Loads for Buildings and Other Structure (2010).
Ground motion characteristics are known to strongly impact the extent and nature of the interaction between soil and structure. It is well known that no single index parameter (e.g., the peak ground acceleration, etc.) can fully describe the seismic demand. But recent studies have shown that more holistic ground motion indices such as Arias intensity (I a ), shaking intensity rate (SIR), or cumulative absolute velocity (CAV) correlate well with building damage, site performance, and building settlement (Travasarou et al. 2003 , Dashti et al. 2010b , Campbell and Bozorgnia 2012 . Yet the influence of these parameters on SFSI has not been investigated adequately experimentally, which is a necessary step for the validation of advanced numerical tools modeling SFSI.
Centrifuge testing provides a cost-effective means to address this gap, where the response of the soil, foundation, and structure can be modeled and evaluated under realistic confinement. The results of a series of dynamic centrifuge tests are presented in this paper to evaluate the influence of different ground motion characteristics on kinematic and inertial SFSI. The influence of a range of commonly used ground motion indices-peak ground acceleration (PGA), sustained maximum acceleration (SMA), peak ground velocity (PGV), Arias intensity (I a ), shaking intensity rate (SIR), cumulative absolute velocity (CAV), Housner intensity (HI), root mean square (RMS) of the acceleration time history, predominant period (T P ), and mean period (T m )-on different aspects of SFSI are analyzed and discussed. The experimental insight from this study is aimed to assist in the validation of both de-coupled and coupled SFSI numerical tools.
CENTRIFUGE TESTING PROGRAM
A series of dynamic centrifuge experiments were performed to evaluate the effects of ground motion characteristics on the seismic response of a model soil-structure system with shallow foundations. The 400 g-ton geotechnical centrifuge facility (Ko 1988) at the university of Colorado, Boulder was employed to model a representative soil-structure system. The earthquake motions were generated in flight using the 1-D, hydraulic servocontrolled shake table (Ketchum 1989) . A newly developed transparent flexible shear beam (FSB)-type container (Ghayoomi et al. 2012 (Ghayoomi et al. , 2013 ) was used to minimize boundary effects. The fully instrumented soil specimen with the structural model was placed on the shake table. Next, the centrifuge was spun up to 77 g of gravitational acceleration, calculated at the mid-depth of the soil profile. The selected earthquake motions were applied to the base of the model container consecutively while spinning at 77 g. The experimental results in this paper are presented in the prototype scale, unless stated otherwise.
MODEL LAYOUT
The response of a 26 m prototype layer of dry, medium-dense sand was simulated in this study. A model structure was placed on top of the soil in the middle of the container with 1-m embedment depth. In order to provide sufficient frictional contact between the base of the structure and the soil surface, sand was glued to the base of the foundation. Vertical arrays of horizontal accelerometers were placed at different depths and locations with respect to the structure. Accelerometers were mounted on the structure to measure both horizontal and vertical earthquake-induced accelerations at the foundation and mass levels. The off-center accelerometer array represented the far-field motion. The far-field motion was treated as the free-field (FF) in this study because of the negligible boundary effects (Ghayoomi et al 2013) . A horizontal LVDT was connected to the base of the container to measure the displacement
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time history of the base motion, while vertical LVDTs measured the settlement of the soil surface and the structure. The instrumentation layout is shown in Figure 1 .
SOIL PROPERTIES
A 33.8 cm-thick (in model scale) layer of #120 Nevada sand (G s ¼ 2.65, e min ¼ 0.59, e max ¼ 0.85) was dry-pluviated into the FSB container at a relative density (D r ) of approximately 60% (e ≈ 0.69). Nevada sand was chosen as a relatively well-characterized, fine, uniform, and angular sand available at the CU Boulder centrifuge facility. The grain size distribution of the batch of sand used in this study was shown by Ghayoomi et al. (2013) .
STRUCTURAL PROPERTIES
A prototype four-story building with height ðhÞ ¼ 12 m and height-to-width ratio ðh∕wÞ ¼ 2 on a rigid mat foundation was chosen as a representative target structure for his study. The prototype dimensions were scaled down according to the centrifuge scaling laws (e.g., dimensions divided by N ¼ 77). A simplified single-degree-of-freedom (SDOF) oscillator-foundation system with flexible columns was designed to represent the target structure in model scale. Stainless steel was used to fabricate the oscillator (mass) and columns, while a combination of aluminum and steel was used for the foundation. The model structure had a total mass ≈ 1.30 kg, leading to a base contact pressure pressure ≈ 162 kPa. Approximately 73% of the total mass was attributed to the oscillator and the remaining to the foundation. A schematic drawing and a photograph of the assembled structural model are shown in Figure 2a and 2b. Once assembled, thin, lightweight plastic pieces were glued to the edges of the foundation to prevent sand from falling in from all sides, as the foundation was embedded in the soil.
The fixed-base response of the model structure was measured by applying a white-noise input motion to its fixed base using the shake table at 1 g. The frequency dependent transfer function of the oscillator-to-base acceleration was calculated accordingly. In addition, the same model structure was numerically simulated using the finite element-based software ABAQUS (Simulia 2011) to validate the measured response. A fundamental natural frequency ≈310 Hz was estimated for the model based on both numerical and experimental approach as shown in Figure 2c . At 77 g of spin acceleration, this represented a prototype structure with a first mode natural frequency of ≈ 4.0 Hz (i.e., natural period ≈ 0.25 s). This frequency corresponds to an approximate system flexural rigidity (EI) of 3;700 MN-m 2 . The equation proposed by Seed and Idriss (1970) was used to estimate the pressure dependent, small-strain, shear modulus (G max ) of fine sand. The shear wave velocity profile with depth was obtained using V S ¼ ½G max ∕ρ 0.5 . Since shear wave velocity of sand varies with depth, a harmonic averaging methodology was implemented to estimate an average shear wave velocity for the soil column,V S ¼
, where V S ðzÞ is the depth-or pressure-dependent shear 
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wave velocity,V S is the average shear wave velocity of the soil column, and H is the depth of the soil layer. TheV S value was then used to estimate the initial, small-strain, fundamental period of the soil column (T S0 ¼ 4H∕V S ). With an average small-strainV S ≈ 255 m∕s, a structure fixed-base natural period ≈0.25, effective height (70% of the prototype height) ≈ 8.4 m, oscillator mas ¼ 434 tons, and a representative foundation radius ¼ 3.4 m, the structure-to-soil stiffness and mass ratios (i.e., h∕ðV S TÞ) and m s ∕ðρπr 2 hÞ) were rendered as 0.13 and 0.91, respectively. Stewart et al. (1999a) suggested a stiffness ratio of higher than 0.1 for significant SSI to occur, which is true for the designed structure.
GROUND MOTION CHARACTERISTICS
A series of six earthquake motions were applied to the base of the model consecutively. The list of the selected input motions and their properties are presented in Table 1 in order of their application. The earthquake motions were selected to cover a range of intensities, durations, and frequency contents. PGA and PGV are the maximum absolute values of acceleration and velocity. SMA was chosen by Nuttli (1979) as the third-highest absolute value of acceleration, representing the sustained maximum acceleration during three cycles. SMA may better represent the shaking intensity compared to a one-time PGA value, and it may better correlate with building damage during earthquakes (Kramer 1996) .
In addition to peak intensity parameters, cumulative indices are commonly used, as they represent the intensity of the entire time history in addition to duration and 
where aðtÞ is the acceleration time history, and D is the duration of the motion. Arias intensity (I a ) is a measure of the energy of the ground motion (Arias 1970) and is defined as:
EQ-TARGET;temp:intralink-;e2;62;515I a ¼ π 2g
where g is the gravitational acceleration, and t stands for time. Similar to the peak values, cumulative parameters are calculated both for acceleration and velocity time histories. The CAV of the ground motion, an intensity measure that has correlated well with damage potential (Reed and Kassawara 1990) , is defined as:
EQ-TARGET;temp:intralink-;e3;62;409C
Recently, Dashti et al. (2010b) showed the effect of a new parameter, the shaking intensity rate (SIR), on liquefaction-induced building settlements. SIR represents the rate of earthquake energy buildup that appeared to influence the rate of soil disturbance and pore pressure generation, and it is defined as:
EQ-TARGET;temp:intralink-;e4;62;303SI
where I a5−75 is the change in Arias Intensity from 5% to 75% of its total value, and D 5−75 is its corresponding time duration. In addition to these intensity measures, the frequency content of the motion may significantly influence the dynamic response of the soil-structure system. Predominant period (T P ) and mean period (T m ) are the two simplified parameters that describe the frequency content of the motion. T P is the period corresponding to the maximum spectral acceleration (5% damped) of the motion. By incorporating the effect of the entire frequency content of the motion, Rathje et al. (1998) showed that T m is a better representative of the frequency content of the motion compared to T P , and it is defined as:
EQ-TARGET;temp:intralink-;e5;62;176T
where C i is the Fourier amplitude and f i represents the discrete Fourier transform frequencies between 0.25 Hz and 20 Hz.
HI, or the response spectrum intensity (Housner 1959) , is defined as the area under the pseudo-velocity response spectrum in periods ranging from 0.1 s to 2.5 s, which is a typical
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range for the fundamental period of structures. HI incorporates the influence of both amplitude and frequency content of the ground motion and is calculated as: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 6 ; 4 1 ; 6 1 5H
where PSV is the 5%-damped pseudo-velocity response spectrum, and T is the period.
An eighth-order, acausal, Butterworth band-pass filter with prototype corner frequencies of 0.1 Hz and 15 Hz was applied to the desired motions (i.e., raw records obtained from the PEER ground motion database) based on the expected shake table limitations, which was then converted to model-scale units (both in time and acceleration following the scaling laws) to obtain the target motions. In order to sufficiently match the achieved (measured) and target base motions, the command signal to the shake table was prepared through an iterative frequency domain procedure for the specific model soil-structure used in this study (Ketchum et al. 1991) . The acceleration time histories of the achieved base motions in the prototype scale are shown in Figure 3a . Figure 3b and 3c compares the 5%-damped acceleration response spectra and Arias intensity time histories of the achieved base motions. 
CENTRIFUGE TEST RESULTS

FREE-FIELD SOIL RESPONSE
The measured far-field acceleration and displacement time histories (i.e., from Accelerometers 12 through 15 and LVDT-8 in Figure 1 ) were treated as free-field in this study, assuming a sufficient distance from the structure (approximately 3.2 times its width away from the center of the footing) and negligible boundary effects in the FSB container. Six earthquake motions (Table 1) were applied to the base of the same centrifuge model consecutively. Therefore, a change in soil relative density was expected following each shake. The permanent soil surface settlements and the corresponding approximate changes in sand's relative density (assuming 1-D conditions for simplicity) after each motion are presented in Figure 4a and 4b. The initial soil relative density prior to each motion changed from 60% to approximately 73% in the free-field and to 79% under the structure. Figure 4b indicates that soil properties did not change significantly considering the uncertainties in specimen preparation for achieving a target soil relative density and uniformity. However, these changes must be considered when evaluating the experimental results. Figure 5a shows the acceleration time histories measured in the free-field during the first earthquake motion (JOS). The corresponding 5%-damped spectral accelerations and Arias Intensity time histories are shown in Figure 5b . Accelerations were generally amplified through the soil column during the JOS motion, particularly in terms of Arias intensity (e.g., Fig. 5c ). The small-strain, fundamental natural period of the soil layer (T s0 ¼ 4H∕V S ) was approximately 0.4 s, using the estimated average shear wave velocity. As shown in Figure 5c , the acceleration amplification was more pronounced in larger periods than T s0 , ranging from 0.48 to 2.46 s, because the fundamental period of the soil deposit softened (lengthened) undergoing large strains, as expected.
The ground motion index properties measured in the free-field soil surface are compared with those of the input base motion in Figure 6 to evaluate site response. Typically a higher degree of PGA amplification is expected for weaker motions and a de-amplification for stronger levels of shaking due to soil nonlinearity and increased damping. The PGA amplification pattern shown in Figure 6 did not follow this expected trend. This may be partially explained by the slight change in soil relative density, particularly after the first motion. An increase in the density of the soil profile is expected to amplify the motion in terms of PGA (Seed et al. 1997 ), and Figure 6 shows general PGA amplification, with the exception of Motion No. 3 (WPI). The large value of PGV (≈61.3 cm∕s) of the WPI motion in comparison with other motions (Table 1 ) might have caused more disturbance and soil nonlinearities during this motion. Similarly, the larger value of T m (≈1.08 s) during this motion compared to the fundamental period of the site (T s0 ≈ 0.4 s) might have influenced the amplification patterns. A more consistent increasing trend was evident in PGV, I a , and HI comparisons of the free field and base motions compared to PGA, as shown in Fig. 6 . The PGA amplification factor at a given depth within the soil was calculated as the ratio of the PGA at that depth to the PGA of the base motion. Variations in the PGA amplification factor with depth during the six earthquake motions are shown in Figure 7a . The I a amplification factors are shown in Figure 7b . The motion's PGA appeared to de-amplify initially followed by a general amplification pattern towards the surface in the free-field, with the exception of a continuous de-amplification pattern during Motion No. 3 (WPI). On the contrary, I a was amplified more consistently towards the soil surface during all motions. Surface settlement is typically affected by the initial relative density of the soil layer and the ground motion intensity. The variation of surface settlement with respect to three ground motion indices, including PGA, I a , and SIR, is shown in Figure 8 . In general, the settlement increased in higher-intensity motions, except in the case of JOS (the first) motion where the soil layer experienced the highest surface settlement (likely due to the lower initial D r ). 
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FOUNDATION RESPONSE
The seismic demand felt by the structure at the foundation level is referred to as the foundation motion (FM) in this paper. Experimental and analytical studies have revealed that FM differs from the free-field motion (FF) due to both kinematic and inertial effects (Kim and Stewart 2003) . As a result, the FM/FF ratio in the frequency domain serves as an indicator and measure of the importance of SFSI. Although there was a slight variation in the soil properties (e.g., D r ) prior to each motion under the foundation compared to the free-field, particularly after the first motion (Figure 4 ), this change must still be considered in evaluating FM motions compared to FF.
A frequency response transfer function was implemented to compare the effects of different motion characteristics on FM/FF. Transmissibility functions (Kim and Stewart 2003) were computed to obtain smoother results compared to a direct ratio of Fourier amplitude spectra as follows:
EQ-TARGET;temp:intralink-;e7;41;316T xy ðf Þ ¼ S xy ðf Þ S xx ðf Þ
where S xx and S xy are the power and cross spectral density functions of acceleration time histories of an input motion, x, and an output motion, y. Accordingly, transmissibility functions representing FM/FF in the frequency domain were computed with x ¼ FF and y ¼ FM for all six shaking events, as shown in Figure 9 . Despite the slightly higher relative density of the soil under the foundation during the later motions, in general, FM reduced in amplitude relative to FF for most frequencies, which agrees with previous observations for the translational (horizontal) component of the foundation motion due to base averaging. This reduction was minor for frequencies below approximately 2 Hz and increased at higher frequencies. The reduction trend in FM/FF seemed to have a similar pattern for all the ground motions, with TCU having a more consistent decreasing trend.
The change in motion index parameters from free-field to foundation was evaluated through proportional charts, shown in Figure 10 . Similar to Figure 9 , PGA and I a reduced from FF to FM likely due to base averaging, while a RMS showed a smaller reduction. The decrease in foundation PGA grew at stronger levels of shaking as expected, while SMA showed an irregular pattern. Importantly, PGV (which is important index controlling building Figure 8 . Effect of ground motion index parameters on the free-field settlements. damage) at the foundation level slightly increased compared to FF, while CAV generally decreased. HI did not change from FF to FM and remained the same for all the motions. On the other hand, SIR showed a consistent decreasing trend for stronger motions. Further, the changes in the frequency parameters were relatively small. T P approximately remained the same for most earthquake motions, while T m showed a marginal increase from FF to FM. In conclusion, the intensity of shaking-characterized by the Fourier amplitude or simplified parameters such as the PGA, I a , CAV, or SIR-tends to decrease from FF to FM due to the base averaging effect. But this reduction is mainly evident at stronger levels of shaking and at higher frequencies (more critical for stiffer structures). Importantly, some intensity parameters, such as PGV, HI, T m , or T P appeared to either remain the same or increase. Therefore, the assumption of de-amplification of FM in terms of all parameters or frequencies may be misleading and un-conservative.
The soil shear modulus and shear wave velocity are strain-dependent and reduce as the shear strain increases. The vertical accelerometer arrays in the free-field and under the center of the structure were used to estimate the induced shear strain profile with depth (Zeghal et al. 1995) during different ground motions. This enabled a better understanding of the strain-dependent shear wave velocity profile, and hence the period lengthening ratio associated with soil softening. Acceleration time histories obtained by Acc14 and 15 in the free-field and by Acc6 and Acc7 under the structure were used to estimate shear strains between depths 0 and 2.7 m near the soil surface. Next, the maximum induced shear strains at both locations were compared in Figure 11 . In general, larger shear strains (by up to a factor of 2.6) were observed near the soil surface under the structure than in the free-field, particularly during more intense motions, indicating more softening, period lengthening, and deformations of the soil under the structure compared to the free-field.
STRUCTURAL RESPONSE Translational Response of Structure
Inertial interaction is a critical component of SFSI, which can affect the response of foundation and the overall soil-structure system. According to the previous investigations and based on the current provisions, this phenomenon is represented mainly by the period lengthening ratio (i.e.,T∕T). The horizontal acceleration measured on the mass of the structure, the structural horizontal motion (SHM), was compared with the foundation motion (FM) to evaluate inertial interaction. Accordingly, the frequency domain transmissibility function of SHM/FM was calculated for each of the shaking events, as shown in Figure 12 . The dominant peak frequencies in this figure (i.e., flexible-base frequencies) are lower than the fixed-base fundamental natural frequency shown in Figure 9 (ranging from 1.7 Hz to 2.6 Hz, compared to 4 Hz), as expected due to period lengthening or frequency shortening. Figure 13a shows the variations in the building'sT∕T ratio for different shaking intensities characterized by the PGA of base motion (BM). A consistent increasing trend in the buildingT∕T ratio was observed with increasing PGA BM . According to the current provisions, this ratio is directly proportional to h∕ðV S TÞ). Since h and T are constant properties of the structure, decreasing the strain-dependent V S of soil at stronger levels of shaking is expected to cause a larger period lengthening ratio. Similar and even more consistent trends in theT∕T increase with increased shaking intensity were observed for base I a and SIR, as shown in Figure 13b and 13c. This possibly suggests a better correlation between period lengthening and I a or SIR of the base motion compared to PGA.
In order to evaluate the overall response of the soil-structure system, the frequencydependent transmissibility functions representing FF/BM, FM/BM, SHM/FM, and SHM/ BM during the first shake (JOS) are shown in Figure 14 . A fundamental natural frequency of about 1.1 Hz was identified for the soil column from the FF/BM and FM/BM transmissibility functions during the JOS motion. This was smaller than the initial small-strain fundamental frequency of the site ≈2.45 Hz, as expected, due to soil softening. In addition, a dominant frequency ≈2.6 Hz was evident in the transmissibility function SHM/FM, which corresponds to the flexible-base fundamental frequency of the structure. The transmissibility function SHM/BM, representing the response of the entire soil-structure system, appeared to have a peak near 1.1 Hz (the site fundamental frequency), but its shape was clearly affected by the flexible-base frequency of the structure (a clear increase around 2.6 Hz was evident).
The proportional charts corresponding to different ground motion indices are presented for SHM versus FM in Figure 15 , to evaluate their influence on SFSI. Ground motion intensity parameters such as PGA, SMA, I a , and RMS mostly increased from foundation to the structure's mass. However, the increase in I a and RMS followed more consistent trends. PGV and CAV also increased from foundation to mass steadily. The HI parameter experienced a relatively small increase from foundation to mass. But, in general, an amplification pattern in nearly all intensity indices from foundation to the mass was evident. The frequency content indices showed an increase from foundation to mass when the FM motion period was close to the fixed-base natural period of the structure (≈0.25 s). This likely amplified the structure's inertial response due to resonance, lengthening its flexible-base period further. T m of the SHM motion began to decrease as the period of the FM motion increased away from that of the fixed-base structure. The spectral acceleration comparisons between FM and SHM at both fixed-base and flexible-based natural frequency of structure are shown in Figure 15 . The spectral acceleration was significantly amplified at the flexiblebased period of the structure, while this was not the case at the fixed-base period, which signifies the importance of considering SFSI in structural analyses.
The same comparison can be made between the SHM and FF motion intensity indices. Based on the relative importance of the effect of kinematic or inertial interaction (highly dependent on the properties of the structure), the intensity of the motion may increase or decrease from FF to SHM. Therefore, a direct assessment of structural response from free-field indices may be misleading. A separate free field-to-foundation and foundation-tostructure analysis would be preferred in a proper SFSI analysis.
The settlement time histories recorded in the soil surface and on the structure during the first (JOS) and the last motion (TAK) are compared in Figure 16 . The acceleration time histories of each motion recorded at the base of the container (BM) as well as the corresponding Arias intensity time histories at BM, FF, and SHM are also shown in Figure 16 for comparison. The shape of the settlement time histories in the free-field and the structure seemed to roughly follow the shape of the Arias intensity time histories of the corresponding motions. The time rate of Arias intensity recorded at the base and the soil surface in the free-field characterizes the rate of earthquake energy buildup in the soil column, which appeared to influence the rate of soil densification (volumetric settlement) observed in the free-field. The settlement of the structure is typically expected to be amplified compared to the free-field due to additional soil densification (volumetric strains) under the inertial loading of the structure and shear-induced soil displacements (deviatoric strains; Dashti et al. 2010a) . As shown in Figure 16 , Arias intensity SHM (affected by structural inertial loading) was amplified, compared to BM and FF, amplifying soil densification and causing larger structural settlements. The average slope of Arias intensity time history (i.e., SIR) may be a useful parameter to quantify the rate of earthquake energy buildup and seismically induced ground settlements in the future (Dashti et al. 2010b) . To this end, the influence of variations in a few ground motion index parameters on structural settlements are shown in Figure 17 . Generally, the structures settled more during more intense shaking with higher PGA, I a , and SIR. Similar to the free-field, however, the settlements were greatest after the first motion (JOS), likely due to the lower initial D r .
Rotational (Rocking) Response of Structure
The structure's rotational response (or foundation rocking) was evaluated with two accelerometers mounted vertically on the two sides of the structure and four vertical LVDTs on the four corners of the foundation. The Fourier amplitude spectrum (fast Fourier transform, or FFT) of the difference between the two vertical acceleration time histories (on the two sides) was computed and normalized by the maximum Fourier amplitude to obtain a unit-less measure of the rocking frequency response. The normalized FFT of the building's rocking acceleration during the JOS motion is shown in Figure 18a . In addition to rocking acceleration measurements, the rocking displacement (tilt) time histories were calculated as the difference between average displacements on the two sides divided by the foundation width. The resulting tilt time histories were filtered to remove the low frequency response associated with structure's permanent settlement. Subsequently, the FFT of the foundation's tilting response was computed and normalized by its maximum Fourier amplitude. The normalized rotational frequency response of the foundation obtained from both acceleration and displacement measurements are shown in Figure 18a . Both plots showed a peak near the dominant rocking frequency of the structure ≈1.35 Hz during the JOS motion.
The normalized rocking frequency responses of the foundation in terms of displacement measured during different earthquake motions are shown in Figure 18b . The structure's dominant rocking frequencies during different earthquakes ranged from approximately 1.3 to 2.4 Hz. These frequencies generally increased with increasing the predominant frequency of the earthquake motion, as shown in Figure 19a . The increasing trend was evident, but Figure 17 . Effect of ground motion index parameters on the settlement of structure.
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less strong when using the motion's mean frequency as compared to the predominant frequency (Figure 19b ). Hence, contrary to the structure's translational motion, its tilting characteristics appeared to be strongly influenced by the frequency content, especially T P , of the base motion (in addition to the intensity), which must be taken into account in simulations.
The moment-rotation and settlement-rotation responses of the structure during the six consecutive motions are shown in Figure 20 . The overturning moments and the resulting rotations were calculated at the foundation level. Large hysteresis loops in these figures indicate a significant amount of rotational energy dissipation during shaking. The ground motions that induced larger rotations at the foundation also resulted in a larger structural settlement, with the exception of the first motion that induced the largest settlement due to a lower initial soil relative density. This proves the strong influence of rocking SFSI on the accumulation of building settlement, especially during more intense motions, where the rocking stiffness of the underlying soil degraded more.
CONCLUSIONS
A reliable assessment of the seismic performance of a soil-foundation-structure system requires an accurate evaluation of the interactions between soil and the structural components undergoing broadband, transient motions. Ground motion characteristics, commonly quantified by simplified index parameters, greatly influence different aspects of SFSI and site performance. Hence, knowledge of the relative importance and influence of various index parameters on SFSI is necessary, in order to determine the most efficient ground motion parameters controlling structural demand measures. The results of a series of dynamic centrifuge tests on a soil-foundation-structure system undergoing six 1-D earthquake motions with a range of characteristics were used to evaluate the influence of ground motion properties on site performance and SFSI. The goal was to provide insight into the underlying mechanisms and trends, and to provide data for the validation of numerical simulations.
The evolution of different index parameters was tracked from the base of the container (BM) to the free-field soil surface (FF), from the free-field surface to the building foundation (FM), and from the foundation to the structural mass (SHM). The test results indicated that some index parameters influenced the critical aspects of SFSI, site response, and settlement patterns more consistently and strongly compared to others. More holistic ground motion parameters that are affected by the motion's intensity, duration, and frequency content, such as Arias intensity (I a ) and Housner intensity (HI), appeared to correlate well with the response measures of interest in the free-field (e.g., motion amplification and settlement) in comparison with the more commonly used intensity parameter, PGA.
FM-to-FF transmissibility functions demonstrated overall reductions at higher frequencies due to kinematic interaction, as expected. This reduction was reflected in motion indices such as PGA, I a , SIR, and CAV, but was less evident in terms of RMS and HI. Importantly, PGV slightly increased on the foundation compared to the free-field. Hence, it is misleading to assume all intensity parameters decrease from FF to FM when considering kinematic interaction. The changes in frequency index parameters from FF to FM were relatively minor, where T P remained nearly unchanged and T m showed a minor increase.
Settlements in the free-field and on the structure increased consistently during stronger motions (larger PGA, I a , or SIR), with the exception of the first motion (due to lower preshake soil D r ). Structures settled more than the free-field soil in all cases due to larger induced shear strains, soil softening, and densification (volumetric strains) under the additional inertial loading of the structure. The shape of the settlement time histories appeared to roughly follow the shape of the Arias intensity time history of the corresponding motion. Hence, the average slope of Arias intensity (i.e., SIR) may be a useful parameter in determining the rate of seismically induced ground settlements in the future.
The period lengthening ratio, (T∕T)-the ratio of the flexible-base to fixed-base natural period of the structure-has been widely used to evaluate inertial SFSI. Evaluating this ratio during six different earthquake motions indicated higher period lengthening during more intense motions (i.e., greater PGA, I a , and SIR), as expected. A comparison of SHM and FM showed amplification nearly in all intensity indices. This trend was less consistent in terms of PGA and SMA and minor in terms of PGV, HI, T p , and T m . In this experiment, the motion's I a and SIR showed more consistent amplification from foundation to mass.
The spectral accelerations of SHM were amplified significantly at the flexible-base period of the structure (T), without a meaningful change at the fixed-base period (T), showing the importance of considering SFSI in seismic analyses. Further, the rocking natural frequency of the structure was strongly influenced by the frequency content of the base motion, showing a consistent proportional trend with respect to the predominant frequency (f p ). Hence, consideration of f p is recommended for rocking SFSI analyses. In addition, moment-rotation and settlement-rotation recordings on the foundation proved the significant influence of building's rocking intensity on foundation settlement, which may not be ignored.
In general, the experimental study presented in this paper proved the need for considering a range of ground motion indices that bring in the influence of intensity, frequency content, and duration in ground motion selection when performing SFSI analyses. Selection of ground motions only based on common intensity measures (e.g., PGA) is not adequate in predicting site-response, settlement, nor SFSI. Attenuation relations are available for some of the parameters identified in this study (e.g., I a , PGV, D 5−95 , and T P ), which may be used in addition to a target acceleration response spectrum to select ground motions more reliably with due consideration for shaking characteristics that affect SFSI response.
